Autophagy is a cytoplasmic catabolic process that protects the cell against stressful conditions. Damaged cellular components are funneled by autophagy into the lysosomes, where they are degraded and can be re-used as alternative building blocks for protein synthesis and cellular repair. In contrast, aging is the gradual failure over time of cellular repair mechanisms that leads to the accumulation of molecular and cellular damage and loss of function. The cell's capacity for autophagic degradation also declines with age, and this in itself may contribute to the aging process. Studies in model organisms ranging from yeast to mice have shown that single-gene mutations can extend lifespan in an evolutionarily conserved fashion, and provide evidence that the aging process can be modulated. Interestingly, autophagy is induced in a seemingly beneficial manner by many of the same perturbations that extend lifespan, including mutations in key signaling pathways such as the insulin/IGF-1 and TOR pathways. Here, we review recent progress, primarily derived from genetic studies with model organisms, in understanding the role of autophagy in aging and age-related diseases.
Introduction to Aging
Aging is a complex process characterized by the progressive failure of maintenance and repair pathways important for cellular homeostasis, which results in a gradual accumulation of aberrant macromolecules and organelles [1] . The accumulation of such oxidized, misfolded, cross-linked, or aggregated molecules has deleterious effects on cellular homeostasis and on tissue and organ integrity. The defective molecules can disrupt homeostasis directly or by interfering with the activity of functional molecules and organelles, which leads to further dysfunction. This progressive decline in cellular integrity leads to aging, disease, and ultimately, to death. Although our understanding of the biology of aging has increased over the past century, the molecular events underlying this process have only recently begun to be explored. Interestingly, research in the last couple of decades focused on unraveling the molecular underpinnings of aging has shown that, in many model organisms, the rate of aging can be modulated by altering conserved signaling pathways and processes, suggesting that the aging process itself may ultimately be amenable to therapeutic manipulation. We provide a short overview of these conserved longevity paradigms below.
Conserved longevity paradigms
Over the last two decades, genes controlling metabolic functions have been shown to influence aging in multiple model organisms including the budding yeast Saccharomyces cerevisiae, the nematode Caenorhabditis elegans, the fruit fly Drosophila melanogaster, and many mouse models. The initial discoveries were made in C. elegans, where single-gene mutations in the age-1 gene encoding phosphoinositide 3-kinase (PI3K) [2] , and the daf-2 gene encoding the insulin/IGF-1-like receptor [3] were found to extend the lifespan. Since then, a focused effort has led to the discovery of numerous novel regulators of longevity in C. elegans and other organisms. For example, more than 150 C. elegans genes have been reported to increase lifespan when downregulated in genome-wide RNA interference (RNAi) approaches [4, 5] , and strikingly, many of them function in endocrine-related and metabolic signaling pathways and processes. Of these, the most prominent longevity-associated pathways are the insulin/IGF-1 and TOR signaling cascades, which play critical roles in nutrient sensing and metabolism. Other processes include dietary restriction, signals from the reproductive system, and mitochondrial respiration (Figure 1 ). In the following sections, we will briefly review these conserved longevity pathways and processes.
Insulin/IGF-1 signaling: Insulin/IGF-1 signaling is tightly regulated by the nutritional status of the animal and is essential for growth. In response to the hormone insulin (or insulin-like growth factor; IGF-1), the insulin/IGF-1 receptor (InR) activates a cascade of kinases and phosphatases, including PI3K, PTEN, PDK, SGK and AKT, that results in inhibition of the forkhead transcription factor FOXO [6] . In worms, flies, and mice, perturbation of insulin/IGF-1 signaling has been shown to extend lifespan [7] , and at least in worms and flies, these effects are mediated by FOXO [8] [9] [10] . FOXO regulates transcription of many genes involved in the stress response, bacterial resistance, and metabolism, which contribute to longevity in C. elegans [11] . Consistent with this, overexpression of FOXO is sufficient to extend lifespan in flies [10] . Interestingly, recent investigations have revealed that exceptionally long-lived humans, centenarians, display an overrepresentation of gene mutations in the insulin/IGF-1 pathway [7] . Thus, there is substantial genetic evidence from multiple model organisms and possibly in humans to suggest that the insulin/IGF-1 pathway modulates aging in a conserved fashion.
TOR signaling:
The TOR pathway is another major signaling pathway that affects aging. TOR is a conserved member of the PI3Krelated kinase family, and its nutrient-dependent activation results in a metabolic shift towards cell growth and division. The protein TOR was originally identified as the cellular target of rapamycin [12] , a compound discovered in a soil bacterium on the Easter Island Rapa Nui [13] . TOR exists in two complexes, TORC1 and TORC2, which mediate distinct functions by signaling through different effector pathways. TORC1, which is inhibited by rapamycin, integrates nutrient-derived and mitogenic signals to regulate cell proliferation and cell size. In contrast, TORC2 is unaffected by rapamycin and controls cell shape. Inhibition of TORC1 by rapamycin leads to growth inhibition and immunosuppression [14] , but has also been associated with delayed aging. TORC1 is activated by amino acids and insulin/ IGF-1 through the kinase AKT, which represents a major point of convergence between the insulin/IGF-1 and the TOR pathways. Activated AKT phosphorylates and inhibits the tuberous sclerosis complex (TSC1/TSC2). The TSC1/TSC complex can also be regulated in a positive fashion by the energy sensor AMP-activated kinase (AMPK), which is activated by high AMP levels. The TSC complex is a negative regulator of the GTPase RHEB, which binds to and activates TORC1 in a GTP-dependent manner [14] . Once released, TORC1 activates multiple anabolic processes, including ribosome biogenesis, translation initiation, nutrient import, and inhibition of the catabolic process of autophagy. TORC1 (hereafter referred to as TOR) signaling has been shown to influence aging in many organisms. Reduced TOR activity extends lifespan in yeast, worms, flies, and mice [15] . Two processes regulated by TOR have been strongly linked to longevity. The first is protein synthesis regulated by the ribosomal protein S6 kinase (S6K), a downstream target of TOR. S6K inhibition reduces protein synthesis and has been shown to extend lifespan in yeast, worms, flies, and female mice [15, 16] . The second TOR-regulated process involved in lifespan extension is the cellular recycling process of autophagy, which will be the focus of this review.
Dietary restriction:
Dietary restriction, defined as the restriction of nutrients while avoiding malnutrition, is the most robust intervention currently known to delay aging. Dietary restriction was first observed to delay aging and disease in rats almost a century ago [17, 18] . Since then, the effects of dietary restriction on aging has been studied extensively, and dietary restriction has been observed to extend the lifespan of yeast, invertebrates, fish, dogs, hamsters, mice, and apes [19] . Multiple molecular mechanisms have been proposed to mediate the effects of dietary restriction on longevity, including insulin/IGF-1 and TOR signaling [20] . However, it is currently unknown to what degree lifespan extension resulting from dietary restriction is mediated by these nutrient-sensing pathways.
Signals from the reproductive system: While there are numerous examples in nature of the inverse relationship between lifespan and fecundity, the trade-off between increased lifespan and decreased reproduction can, at least in certain cases, be uncoupled [21] . However, signals from the reproductive system can indeed influence aging, and may allow the animal to coordinate the timing of reproduction and aging. Specifically, the removal of the germline or germ precursor cells results in lifespan extension in both worms and flies [21] . In C. elegans, removing the entire reproductive system does not, however, extend lifespan, suggesting that the lifespan extension is not simply a consequence of sterility, but rather that specific signals from the germline and the somatic gonad may affect aging in opposing ways. Interestingly, newer studies have suggested that signals from the reproductive system may also affect longevity in mice, because lifespan can be extended by transplantation of ovaries from young into old mice [22, 23] .
Reduced mitochondrial respiration:
The free-radical theory of aging proposes that aging results from the accumulation of oxidative damage over time, which leads to cellular dysfunction and organismal death [24] . The molecular damage is thought to be inflicted by reactive oxygen species (ROS), which are generated primarily during mitochondrial respiration. Although oxidative damage increases with age, it is unclear if this is causally related to aging; evidence exists both for and against this possibility. Importantly, reduced electron transport chain function decreases ROS levels and increases longevity in yeast [25] , worms, flies, and mice [26] . In worms, this increased longevity is mediated, at least in part, by an upregulation of the mitochondrial unfolded protein response (UPR) [27] .
In summary, it is clear that organismal aging is influenced in a conserved manner by a number of signaling cascades and processes.
A key objective in aging research is to determine if these signaling pathways and processes that affect lifespan converge on common downstream mechanisms. Rapidly accumulating evidence suggests that the cellular recycling process of autophagy could be one such integrative mechanism, which maintains cellular homeostasis and plays a pro-survival role, and thus contributes to increased longevity. In the following sections, we introduce the autophagy process, and summarize the current literature on how this degradative process may not only be beneficial to aging, but also plays a critical role in agerelated diseases such as neurodegeneration and cancer.
Introduction to Autophagy
Autophagy is an evolutionarily conserved intracellular recycling process that is induced in response to stresses such as nutrient deprivation, hyperthermia, and hypoxia [28] [29] [30] . Autophagy is responsible for the degradation of proteins, lipids, sugars, and nucleic acids as well as larger cellular components such as organelles. During the process, damaged cellular components are sequestered into a double-membrane structure called the autophagosome, which delivers its contents to the lysosome for subsequent degradation by acidic hydrolases.
Three types of autophagy have been identified: microautophagy, chaperone-mediated autophagy (CMA), and macroautophagy [31] . Microautophagy is the least studied type and occurs when cytoplasmic components are degraded following direct invagination, protrusion, and/or septation of the lysosomal or endosomal membrane [32, 33] . In CMA, a type of autophagy only present in higher organisms, the J Clin Exp Pathol ISSN: 2161-0681 JCEP, an open access journal Mechanisms of Aging and Longevity chaperone protein Hsc70 recognizes a specific pentapeptide motif (KFERQ) on unfolded proteins in the cytosol and escorts them directly to the lysosome-associated receptor protein type 2A (LAMP-2A). The cargo protein is then unfolded at the membrane and translocated into the lysosome for degradation [34] . Since the regulation of microautophagy and CMA in relation to aging is currently limited, we will primarily focus on macroautophagy in this review.
Macroautophagy -A multi-step process
Macroautophagy (hereafter referred to as autophagy) is a multi-step process by which large macromolecules and organelles are degraded. This is currently the most extensively studied form of autophagy due to the interesting physiological and pathological consequences of a process that mediates the large-scale degradation of intracellular molecules. During autophagy, several autophagy-related (ATG) genes are engaged sequentially in a highly regulated manner. Genetic studies in yeast have identified more than 30 ATG genes that are required for autophagy [35] , most of which are conserved from yeast to mammals. The essential ATG genes are organized into at least five functional groups that allow for the initiation, formation, elongation, and fusion of the autophagosome ( Figure 2 ). These functional groups are 1) the Atg1/ULK initiation complex, 2) the Vps34/PI3-kinase nucleation complex, 3) the phosphatidylinositol 3-phosphate (PI3P) -binding Atg18/Atg2 complex, 4) the Atg5-Atg12 conjugation system, and 5) the Atg8/LC3-PE (Atg8/LC3-phosphatidylethanolamine) conjugation system.
Autophagy is induced when the Atg1/ULK initiation complex (functional group 1, consisting of the kinase Atg1/ULK, as well as Atg13 and Atg17) is activated. The next step involves membrane nucleation by the Class III Vps34/PI3-kinase I nucleation complex (functional group 2, consisting of Vps34, Atg6/Beclin1, and Vps15/p150) via production of PI3P, to start formation of a double-membrane structure that can engulf cargo for degradation. This structure is called a phagophore, or an isolation membrane. Multiple studies have investigated how and where in the cell the isolation membrane begins to form, and the results reveal another layer of complexity in the autophagy process. In mammalian cells, the autophagosomal membrane can be synthesized de novo [36] or can originate from multiple sources; the endoplasmic reticulum (ER) [37] [38] [39] [40] , golgi [41] , mitochondria [42] , or plasma membrane [43] . It is not yet known how varied the origin of this isolation membrane may be, nor if that variability has regulatory and/or mechanistic consequences. To start elongation, the phagophore recruits the PI3P-binding complex (functional group 3, consisting of Atg18/WIPI and Atg2), which regulates the distribution of Atg9, a transmembrane protein that has been proposed to deliver lipids to the phagophore and the growing autophagosome. During the next step, the phagophore expands into a double-membrane structure called the autophagosome. This occurs through the action of the Atg5-Atg12 conjugation system (functional group 4, in which Atg7 and Atg10 (E1-and E2-like enzymes, respectively) conjugate Atg12 to Atg5) and this complex then associates with Atg16 and the Atg8/ LC3-phosphatidylethanolamine (PE) conjugation system (functional group 5, in which Atg8/LC3 is proteolyzed by the cysteine protease Atg4 and subsequently conjugated with PE in a process involving Atg7 and Atg3). During this process, PE-conjugated LC3 associates with the autophagosomal membrane and LC3 is therefore often used as an experimental marker of autophagosomes. The autophagosome eventually matures into a closed cargo-containing vesicle, which then fuses with the lysosome to become the autolysosome, and its contents are finally degraded for recycling [44] .
Upstream regulators of autophagy
As a multi-step, multi-component, and highly complex process, autophagy must be tightly regulated to maintain its efficiency. Autophagy is regulated by the same conserved factors that regulate metabolism and aging. For example, autophagy is negatively regulated by amino acids, which activate inhibitory TOR-dependent signaling [45] . Inhibition of TOR in mammalian cells by starvation or rapamycin treatment results in dephosphorylation of Atg1 and Atg13, and leads to the formation of the Atg1/ULK initiation complex, consisting of Atg1, Atg13, and Atg17 [46] . Similarly, induction of autophagy is
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Atg8-I The macroautophagy process. Macroautophagy (here referred to as autophagy) involves a series of steps: autophagy induction, membrane nucleation, phagophore formation, autophagosome elongation, lysosome fusion, and degradation. These steps are controlled by at least five different functional groups of proteins: 1) the Atg1/ULK initiation complex; 2) the PI3-kinase nucleation complex; 3) the PI3P-binding complex, which directs the distribution of Atg9, a transmembrane protein likely important for lipid delivery to the membrane; 4) the Atg5-Atg12 conjugation system; and 5) the Atg8/LC3 conjugation system. In the latter, Atg8 is cleaved by Atg4 to form Atg8-I and is then conjugated with phosphatidylethanolamine to become Atg8-II, which is incorporated into pre-and autophagosomal membranes.
J Clin Exp Pathol ISSN: 2161-0681 JCEP, an open access journal Mechanisms of Aging and Longevity observed in yeast and worms following TOR inhibition [47, 68] . TOR also regulates the localization of the helix-loop-helix transcription factor TFEB [48] , which coordinately regulates the expression of many autophagosomal and lysosomal genes in mammals [49] . The formation of new autophagosomes requires the activity of the class III phosphatidylinositol 3-kinase (PI3K), Vps34. Vps34 is part of the autophagy-regulating complex (PI3K complex) consisting of Beclin1/ Atg6, Atg14/Barkor, and p150/Vps-15 [50] . In addition to TOR, AMP-activated protein kinase (AMPK) was recently shown to directly regulate Atg1/ULK1/2 during starvation [51] [52] [53] . As mentioned above, AMPK restores cellular ATP levels by regulating metabolic enzymes and by inhibiting anabolic pathways, and thus acts in an opposing manner to TOR signaling [54] . Whether proteins other than AMPK are involved in regulating autophagy in a TOR-independent fashion remains to be shown; however, drugs known to induce autophagy in a TOR-independent manner have been identified [55, 56] .
The highly regulated degradative capacity of autophagy can have global effects on homeostasis as cell function declines with age. Damaged proteins and organelles accumulate during aging; this process is accelerated in many human disorders [57] and may result in cellular and organismal death. It is perhaps not surprising, therefore, that autophagy has been linked to multiple age-related diseases such as neurodegeneration, muscle disorders, and cancer [58, 59] . Below, we discuss the current literature that proposes a role for autophagy in aging, and in age-related diseases in various model organisms.
Autophagy and Aging in S. cerevisiae
The lifespan of the budding yeast S. cerevisiae can be measured by two methods; replicative lifespan (RLS) and chronological lifespan (CLS) [60] . In RLS, the number of times a mother cell divides and gives rise to a daughter cell is measured by counting the number of scars on the cell surface after each division. In CLS, the survival time of a cell in stationary phase (without division, and therefore potentially mimicking aging of post-mitotic cells) is quantified. Recent investigations summarized below have suggested a link between autophagy and aging in yeast, most notably because autophagy genes are required for TOR inhibition to extend CLS [47, 61] , and because a pharmacological activator of autophagy, spermidine, increases lifespan via an autophagy-dependent mechanism [62] .
Dietary restriction and TOR signaling
Both RLS and CLS can be modulated in S. cerevisiae by reducing nutrients in the growth media, which effectively induces dietary restriction [63] . One method to induce dietary restriction is by amino acid limitation, which not only extends CLS [64] , but also induces autophagy [65] . Similarly, inhibition of the nutrient sensor TOR by rapamycin increases CLS, induces autophagy, and autophagy genes are required for rapamycin to extend lifespan [47] . Consistent with these observations, a large-scale screen for genes that regulate CLS in S. cerevisiae identified many autophagy gene mutants with reduced lifespan, and ATG16 mutants did not display lifespan extension in response to limitation of amino acids or tor mutation [61] . Taken together, these findings suggest that reduced TOR signaling modulates CLS in S. cerevisiae via autophagy upregulation. However, the role of autophagy in yeast aging is likely to be more complex, as a recent study showed that a majority of autophagy gene mutants have normal RLS in rich media, and deletion of only ATG15, but not other autophagy genes tested, blocks RLS extension induced by glucose limitation [66] , another method of dietary restriction in yeast.
Pharmacological activation of autophagy
Autophagy can be manipulated pharmacologically in yeast with the natural polyamine compound, spermidine. Interestingly, spermidine not only increases CLS when added to yeast cultures, but also induces autophagy [62] . Moreover, spermidine-induced lifespan extension is not observed in autophagy-deficient mutants. Taken together, these data are consistent with autophagy mediating S. cerevisiae lifespan extension following spermidine treatment.
Although not yet fully understood, the mechanisms underlying these observations may involve epigenetic changes in chromatin acetylation, which leads to upregulation of autophagy gene expression [62] .
Autophagy and aging in C. elegans
The nematode C. elegans has been instrumental in gaining insights into the molecular mechanisms underlying aging [7] , and the first direct link between autophagy and aging was made in C. elegans. Since then, autophagy has been shown to be induced in many C. elegans longevity models, such as in response to reduced insulin/IGF-1 signaling [67] , dietary restriction [68] [69] [70] [71] , TOR inhibition [68, 69] , AMPK overexpression [51] , germline removal [74] , spermidine treatment [62] , sirtuin overexpression [75] , and reduced calcineurin signaling [76] . Consistent with a protective role for autophagy, mutation of autophagy genes in the worm is accompanied by lethality or a decrease in lifespan [69] 1. Most of the autophagy-related genes, originally discovered in yeast, are conserved in C. elegans [78] . Our understanding of autophagy in C. elegans has increased greatly in recent years, and the nematode continues to be an important model organism in which to study the genetic basis of autophagy [79] . Below, we outline our current knowledge of the signaling pathways known to be involved in the autophagy process in C. elegans.
Dietary restriction and TOR signaling
Dietary restriction is the most well-established method of increased longevity that has been linked to autophagy. Dietary restriction can be accomplished by several methods in C. elegans. These include the genetic mutant eat-2, which expresses a defective acetylcholine receptor in the pharyngeal muscles that results in reduced food intake and increased longevity, and direct dilution of the bacterial food source which also extends lifespan [80] . Importantly, autophagy activity is increased in both the genetic and bacterial dilution methods of dietary restriction [68, 69, 71] , and autophagy genes are required for the extended lifespan observed in the eat-2 mutant [68] [69] [70] . It is not yet known if autophagy genes are similarly required for lifespan extensions induced by other dietary restriction regimens, including bacterial dilution.
The longevity of dietary-restricted C. elegans has been shown to be dependent on the forkhead transcription factor pha-4/FOXA [81] . Interestingly, inhibition of pha-4/FOXA also decreases autophagy levels in eat-2 mutants, suggesting that pha-4/FOXA is required for increased autophagy in these animals [68] . These observations suggest that autophagy may be induced at the transcriptional level by pha-4/ FOXA in dietary-restricted C. elegans.
In C. elegans, lifespan extension induced by dietary restriction may be at least partly mediated through TOR, because TOR inhibition in eat-2 mutants does not further extend lifespan [73] . Moreover, similar to dietary-restricted worms, inhibition of TOR extends lifespan in a [56] , possibly via a transcriptional mechanism [74, 82] . The GTPase RHEB-1 mediates longevity in C. elegans induced by intermittent fasting, a different dietary-restriction regimen that results in extended lifespan [82] . Importantly, animals carrying a mutation in daf-15/Raptor, a negative regulator of TOR, have an extended lifespan [83] , display increased autophagy levels, and require autophagy genes to live long [68] . Collectively, these data suggest that lifespan extension induced by dietary restriction and reduced TOR signaling in C. elegans is at least partly mediated by autophagy, as is observed in yeast.
Insulin/IGF-1-like signaling
A direct link between autophagy and aging was first observed in the C. elegans daf-2 mutant, which has reduced InR activity. In 2003, it was observed that autophagy was induced in the daf-2/InR mutant and that the autophagy gene bec-1/Beclin1 is required for the long lifespan observed in these animals [67] . Since then, additional autophagy genes, such as atg-7, atg-12, and lgg-1/LC3 have been shown to be required for the longevity of daf-2/InR mutants [68, 84] . Like autophagy genes, the transcription factor DAF-16/FOXO is also required for the long lifespan of daf-2/InR mutants [8, 9] . Interestingly, autophagy induction appears to be maintained in daf-16; daf-2 double mutants [68] , suggesting that daf-16/FOXO is not required for autophagy induction in C. elegans. However, another study has indicated that overexpression of DAF-16/FOXO induces autophagy in C. elegans [85] , consistent with observations made in Drosophila [86, 120] and in mammals [87] . While more research is clearly needed to clarify the role of DAF-16/FOXO in autophagy, these seemingly incompatible observations could be explained if other transcription factors compete with DAF-16/FOXO for targets and can compensate in the absence of daf-16/FOXO. The transcription factor PHA-4/FOXA has been shown to regulate autophagy genes in another C. elegans longevity mutant [74] (see section on germline signaling below) and may be a candidate for such a compensating factor.
Signals from the reproductive system
As outlined in the introduction, signals from the reproductive system have been implicated in modulating longevity. In C. elegans, removal of the germline can be genetically modeled, for example, by loss-of-function mutations in the Notch receptor GLP-1 [88] . Such glp-1 mutants lack a germline and have increased longevity, resembling worms in which the germline precursor cells have been ablated with a laser beam [89] . Interestingly, it was recently shown that glp-1 mutants have reduced TOR levels, increased autophagy levels, and require autophagy genes for their increased longevity [74] . These data suggest that germline-less glp-1 mutants display extended lifespan, in part, through upregulation of autophagy via reduced TOR signaling. Knockdown of the transcription factor PHA-4/FOXA in these mutants reduces longevity and autophagy gene expression [74] , suggesting that autophagy is regulated at the transcriptional level in germline-less C. elegans. Germline-less mutants also have increased lipase activity [74] , and the lipase LIPL-4 is required for their longevity [90] . Animals overexpressing LIPL-4 are long-lived [90] , and these animals, similar to glp-1 mutants, have increased autophagy levels and also require autophagy genes to live long [74] . These observations are the first to suggest a possible molecular mechanism to explain how autophagy could modulate lifespan; namely, that lipid turnover by autophagy [91, 92] could be relevant to aging.
Mitochondrial respiration
Reducing mitochondrial respiration by mutating multiple genes in the electron transport chain results in lifespan extension in C. elegans [26] . Autophagy levels are increased in isp-1 mutants, which lack a normally functioning iron sulfur protein of the mitochondrial complex III, and in animals subjected to RNAi knockdown of isp-1 or nuo-6, which encodes an NADH ubiquinone oxidoreductase of complex 1. Some indirect evidence exists that the increased longevity of mitochondrial mutants may also be dependent on autophagy. Specifically, RNAi knockdown of atp-3, encoding a mitochondrial ATP synthase of complex V, or clk-1, a coenzyme Q biosynthetic gene, extends the lifespan of wild-type worms but not of the autophagy mutants unc-51/Atg1, atg-18/WIPI, or bec-1/ Beclin1 [69] . While a caveat to these experiments is that autophagy mutants are already short-lived, the results are indeed consistent with autophagy playing a critical role in the long lifespan of mitochondrial mutants.
Interestingly, the nematode ortholog of p53, cep-1, which is involved in maintenance of genomic integrity in response to stress, is required for the longevity of mitochondrial mutants atp-3 and isp-1 [93] , suggesting that cep-1 and the mitochondrial mutants function by at least partially overlapping mechanisms. On the other hand, cep-1 depletion extends lifespan in C. elegans [94] , and cep-1 mutants require the autophagy gene bec-1/Beclin for their long lifespan [95] . These findings suggest that cep-1 negatively regulates autophagy, and that the extended lifespan of these mutants is mediated by autophagy. Further studies are required to determine the exact role of cep-1mediated autophagy, and autophagy in general, in lifespan extension in mitochondrial mutants.
Sirtuins
Sirtuins are a group of histone deacetylases that modulate transcriptional regulation. Sirtuin activity is regulated by NAD (+) levels and their function is therefore closely linked to cellular energy consumption [96, 97] . Recently, the role of sirtuins in longevity has been under debate. In the original report, overexpression of the SIRT1 homolog sir-2 in C. elegans extended lifespan in a daf-16/FOXOdependent manner [98] . Of particular relevance to this review, the same overexpressing strain was reported to have increased autophagy levels and to require the autophagy gene bec-1/Beclin1 for its lifespan extension [99] . However, data from a recent publication challenges the 2001 report by showing that the strain used in that study had an additional mutation, and when outcrossed, the longevity of the sir-2 overexpressing strain was greatly decreased [100] . While further studies with the newly outcrossed strain are needed to clarify whether autophagy is indeed induced by sir-2 overexpression, the mammalian homolog SIRT1 has indeed been shown to regulate autophagy [101] .
AMP-activated protein kinase
The alpha-subunit of the energy sensor AMP-activated protein kinase (AMPK), aak-2 was originally shown to be required for the long lifespan of C. elegans daf-2/InR mutants [102] . Importantly, overexpression of aak-2/AMPK is sufficient to induce lifespan extension [102, 103] , at least in part, by inhibition of a downstream transcription factor CRTC-1 (CREB-regulated transcriptional coactivator) [103] . Recently, it has been shown that overexpression of aak-2/AMPK results in increased autophagy that is dependent on the autophagy gene unc-51/Atg1/ULK1, a direct phosphorylation target of AMPK [51] . However, it is not yet known if autophagy genes are required for the lifespan extension observed in these AAK-2/AMPKoverexpressing animals.
Pharmacological activation of autophagy
If the beneficial effects of autophagy on health and longevity J Clin Exp Pathol ISSN: 2161-0681 JCEP, an open access journal Mechanisms of Aging and Longevity extend to higher organisms, it may be possible to manipulate the pathway pharmacologically for therapeutic purposes. Along these lines, the polyphenol compound resveratrol, present in red wine, has been shown to increase autophagy levels in C. elegans [104] . The resveratrol-dependent autophagy induction requires the sirtuin gene sir-2 [75] , which may induce autophagy at least in mammalian cells by deacetylation of Atg5, Atg7, and Atg8 autophagy proteins [101] . Resveratrol has also been shown to extend the lifespan of obese mice, but had no such effect in mice fed a normal diet [105] . Despite these observations, it remains unclear if the resveratrol-induced effects on lifespan and autophagy are interlinked.
The polyamine spermidine has also been linked to aging and autophagy in C. elegans, as well as in other species. As was described above with yeast, addition of spermidine to C. elegans cultures increases autophagy levels and extends lifespan [62] , and intracellular spermidine levels decrease with age in humans [62] . These exciting findings add to the prospects of developing drug interventions designed to induce autophagy artificially.
In summary, while the mechanisms remain largely unclear, the evidence that autophagy is beneficial for health and opposes aging continues to mount, especially from research performed in the nematode C. elegans. These studies suggest that pharmacological activation of autophagy may be a realistic and promising treatment for aging and for age-related diseases. Below, we discuss research on the role of autophagy in age-related disorders, as modeled in C. elegans.
Age-related disease models
The risk of many diseases, including neurodegenerative disorders, increases with age. In many neurodegenerative diseases, damaged proteins accumulate in the cell and form highly toxic aggregates. The autophagy process may play an important role in the removal of these aggregated proteins, and C. elegans has proven to be a valuable tool in modeling such protein aggregation diseases. One example is the C. elegans model for Huntington's disease, in which polyglutamine (polyQ) fragments containing 40 or more glutamine residues are expressed in various tissues [106] . Aggregation of the polyQ fragment in the cytoplasm of muscle cells in the body wall leads to defects in locomotion and paralysis [106] . Notably, RNAi-mediated knockdown of autophagy genes in these animals accelerates disease onset [107, 108] . In a second Huntington's disease model, human huntingtin fragments containing 150 glutamine residues are expressed in the ASH neurons (a bilaterial pair of environmental-sensing neurons located in the head) of C. elegans [107, 109] . Here, too, knockdown of autophagy genes accelerates toxicity [107, 109] . These data suggest that autophagy may be important to prevent accumulation of aggregated polyQexpanded proteins, and that a reduction in autophagy may accelerate the progression of Huntington's disease.
A model for Alzheimer's disease also exists in C. elegans in which human Aβ-amyloid peptide is expressed in the muscle. As in humans with Alzheimer's diseases, Aβ causes aggregation that, in the C. elegans model, results in paralysis with age. Interestingly, this mutant also accumulates autophagosomes due to defects in their maturation into degradative autolysosomes [110, 111] . Moreover, autophagy genes are required for the degradation of Aβ in this C. elegans model [112] . Thus, autophagy seems to play a role in both Huntington's and Alzheimer's neurodegenerative disease models in C. elegans. These observations lend further support to a role for autophagy in aging and suggest that targeting this cellular process may be a novel approach to developing therapeutics against age-related diseases.
Autophagy and Aging in Drosophila
As in S. cerevisiae and C. elegans, autophagy has been implicated in the aging process in Drosophila. Autophagosome formation and autophagy gene expression decrease with age in the fly [113, 120] , and mutations in the autophagy genes Atg7 or Atg8 decrease their lifespan while increasing their sensitivity to stress [86] . Conversely, increases in lifespan are observed when the autophagy gene Atg8 is overexpressed specifically in neurons in adult flies [113] . Notably, lifespan extension was not seen when Atg8 was overexpressed using an early neuronal driver line [113] . Taken together, these observations suggest that neurons are important cells for autophagy-dependent longevity, and raise the interesting possibility that induction of autophagy in a specific tissue or cell type may benefit the entire organism. Moreover, the timing of Atg8 expression in the central nervous system may be critical for the longevity-associated effects. In contrast to the Atg8 studies, ubiquitous overexpression of the autophagy gene Atg1 induces autophagy but also increases cell death [114] . The increased cell death observed here may be a result of excessive autophagic activity. Taken together, these observations bring attention to the complexity of autophagy induction at the organismal level, and highlight the need for further investigation into the mechanism by which induction of autophagy may be sufficient to increase longevity.
TOR/Insulin signaling
Flies with reduced TOR levels, or expressing dominant negative forms of S6K, TSC1, or TSC2 (suppressors of the TOR pathway) are long-lived [115, 116] . Consistent with these results, rapamycin treatment results in a modest lifespan extension, and this effect requires the autophagy gene Atg5 [117] , suggesting that TOR extends lifespan in Drosophila at least partially through autophagy. In addition, mutation of the gene dSesn (Sestrin), a negative regulator of TOR, results in muscle degeneration, which is an age-dependent phenotype also observed in Atg1-silenced flies [118] . These data suggest that knockout of Sestrin phenocopies silencing of autophagy, which occurs with increased TOR activity. While rapamycin does not extend the lifespan of dFOXO mutants (unpublished data in Bjedov and Partridge, 2011), dFOXO is essential and sufficient for autophagy induction [86, 119, 120] . dFOXO expression specifically in the adult head fat body results in increased longevity [10] ; however, it is not yet known if this increased lifespan is dependent on autophagy.
Age-related disease models
Drosophila research has resulted in numerous discoveries on age-related diseases such as protein aggregation disorders and neurodegeneration, and in some of these instances, autophagy has been shown to play a regulatory role. For example, in the Drosophila model of Huntington's disease, inhibition of autophagy enhances polyQ protein accumulation, aggregation, and toxicity [121] . Moreover, in a model of the neurodegenerative disease spinobulbar muscular atrophy (SBMA), autophagy gene knockdown promotes cellular degeneration in the fly eye due to increased polyQ expansion of the androgen receptor [122] . Conversely, the severity of these neurodegeneration phenotypes is reduced by rapamycin-mediated induction of autophagy [123] . These data strongly support a cytoprotective role for autophagy, as was observed in the C. elegans models of neurodegeneration. Consistent with this notion, overexpression of Atg8 in adult fly neurons, which is sufficient to extend lifespan, is similarly sufficient to protect against age-associated accumulation of insoluble ubiquitinated protein aggregates [113] . 
Autophagy and Aging in Mammals
Understanding the longevity role of autophagy in model organisms such as yeast, worms, flies, and mice should ultimately allow the information to be harnessed to improve human health. In this regard, evidence is mounting that aging and autophagy are also linked in mammals, in support of observations made in invertebrate model organisms. First, autophagy function has been shown to decrease with age in rodent livers [124] and autophagic activity decreases with age in hypothalamic neurons in mice [125] . Second, chaperone-mediated autophagy (CMA) activity decreases in senescent cells in culture [126] , and in many organs of old rodents [127] . Third, impairment of CMA in mammalian cells increases their sensitivity to stress, an effect that is associated with decreased longevity in invertebrate model organisms [128] . Lastly, overexpression of lysosomal-associated membrane protein 2A (LAMP-2A), a gene required for CMA, in transgenic mice allows liver function to be maintained into old age at a level comparable to that seen in young mice [129] . Although direct evidence is currently lacking, these observations are consistent with the notion that autophagy could be beneficial to longevity in mammals, as is observed in invertebrate model organisms.
Age-related disease models
Many models of age-related diseases have been developed in mammals, and they have generated useful tools and information regarding the relationship between autophagy and disease. The loss of autophagy genes with age correlates with the accumulation of damaged proteins [124] . In addition, lower levels of the autophagy gene Beclin1 have been observed in aging human brains [130] . These data reflect the importance of basal levels of autophagy for normal homeostasis, while the need for autophagy may be an amplified under disease conditions. In the sections below, we will focus on links between autophagy and two major age-related diseases, namely neurodegenerative diseases and cancer.
Neurodegenerative disease: The rate of neurological degeneration, and therefore dysfunction, increases with age. One of the hallmarks of neurodegenerative diseases is the accumulation of aggregated proteins. For example, tauopathies and amyloid beta (Aβ) plaques are caused by an accumulation of tau and Aβ proteins, respectively, in Alzheimer's disease (AD), while α-synuclein protein forms Lewy bodies in Parkinson's disease (PD), and polyQ expansion in specific proteins causes protein aggregation in Huntington's disease (HD). Notably, autophagy is necessary for the removal of each of these aggregationprone proteins in mammals [121, 123, 131, 132] . Moreover, induction of autophagy by TOR-dependent and -independent mechanisms in mammalian cell culture and mouse models increases the clearance and reduces the toxicity of proteins prone to aggregation [55, 121, 123, [132] [133] [134] . More specifically, Beclin1 mRNA and protein levels are reduced in a mouse AD model in which neuronal populations are specifically affected by the AD pathology. In addition, overexpression of Beclin1 in this model reduces Aβ accumulation [135] . Mice deficient in Atg5, Atg7, or FIP200 (FAK family-interacting protein of 200 kDa) autophagy genes in the central nervous system show a progressive accumulation of ubiquitinylated proteins and inclusion bodies in the neurons [136] [137] [138] . Taken together, these data support the observations made in invertebrate models that reduced autophagy levels lead to an acceleration of disease states, while overexpression of an autophagy gene may result in decreased toxicity, presumably by enhancing the entire autophagy process. Importantly, these observations also suggest that neuron-specific overexpression of autophagy genes may have potential as a therapy to slow the progression of neurodegenerative diseases.
Cancer: The incidence of many cancers increases with age, making it an age-related disease. The role of autophagy in cancer is very complex, and has been associated with both tumor suppression and tumor survival, dependent on the types of tumors [29, 58] . In tumor suppression, autophagy likely acts through turnover of damaged proteins and organelles such as mitochondria. If mitochondria are not degraded efficiently, ROS levels can rise and cause further damage and genomic instability [139, 140] . In tumor survival, autophagy preserves tumor cells under conditions of limited nutrition and hypoxia, and can increase their resistance to chemotherapy and radiation therapy [141] [142] [143] .
There is ample evidence to support autophagy as a mechanism for tumor suppression. For example, the autophagy genes Beclin1, Atg5, Atg4, and BIF-1/endophilin B1 (Bax-interacting factor) act as tumorsuppressor genes in mice, as shown by the formation of tumors in mice deficient in these genes [144] [145] [146] [147] [148] . Beclin1 is mutated in some human cancers, as are the autophagy-related genes UVRAG and Bif1 [148] [149] [150] [151] [152] [153] . In addition, a number of oncogenes inhibit autophagy [154, 155] , while autophagic activity is reduced upon oncogenesis in murine pancreatic cancer models [156, 157] . Further studies are needed to determine how autophagy plays a protective role in tumor progression as well as to address if autophagy induction is sufficient to prevent tumor formation.
As mentioned above, autophagy can also be used as a survival mechanism by tumor cells, as illustrated by the observation that complete removal of the autophagy genes Beclin1 or Atg5 reduces proliferation and induces apoptotic death of cancer cells [158] [159] [160] [161] . This finding suggests that autophagy inhibition may be a good therapeutic target to combat at least some cancers, which is supported by a study in colorectal tumors in which pharmacological inhibition of autophagy caused death of the tumor in response to nutrient deprivation [143] .
Overall, these data support a role for autophagy as a pro-survival mechanism for both cancerous and normal cells. Many questions remain to be addressed, including whether autophagy plays a cell nonautonomous role in normal or cancerous cells. This information will be relevant to designing therapies that modulate autophagy in targeted tissues while preserving its normal levels in others.
Conclusion and Future Perspectives
Aging results from the gradual decline in cellular repair and housekeeping mechanisms, which leads to an accumulation of damaged cellular constituents and ultimately to the degeneration of tissues and organs. Decades of research on the subject have revealed that the aging process is influenced by genetics and that many metabolic signaling genes can affect aging by mechanisms still to be fully elucidated. Importantly, many of these genes, including the nutrient sensor TOR and AMP-dependent kinase (AMPK), are emerging as important regulators of the process of autophagy. The upregulation of autophagy in long-lived mutants would likely enable the cell to endure stressful conditions by increasing the rate of turnover of damaged macromolecules. It is possible that autophagy promotes cell maintenance by removing accumulated toxic material and by using recycled components as an alternative nutrient resource. This suggests that autophagy favors longevity because an organism can recover more quickly from stress-induced cellular damage. Evidence that autophagy influences the aging process has been observed in multiple model organisms, from yeast to multicellular organisms such as worms J Clin Exp Pathol ISSN: 2161-0681 JCEP, an open access journal Mechanisms of Aging and Longevity and flies, and a more recent and exciting finding is that autophagy is implicated in neurodegenerative diseases that affect humans.
Studies in C. elegans in particular have contributed greatly to the current evidence linking autophagy to aging. Using mostly steady-state measurements, autophagic events are increased in many longevity mutants. In many cases, the long lifespan is dependent on autophagy genes that are involved in multiple steps of the process, suggesting that flux through the process is critical. Further experiments are needed to measure if the autophagosome flux is indeed increased in longevity mutants. Recent work in C. elegans has also provided clues about potential novel regulators of autophagy such as the transcription factor PHA-4/FOXA and the energy sensor AMPK; both can also be linked to aging in multiple longevity mutants. It will be interesting to identify additional molecules that mediate autophagy induction and may have anti-aging effects. These effects may be tied to the type of cargo that is turned over in long-lived mutants. While the identity and regulation of the cargo remain to be determined, studies in germline-less C. elegans suggest that lipids could be aging-relevant cargo [74] . As such, turnover of lipids via lipophagy could play a critical role in the aging process, perhaps because the accumulation of lipids that occurs with age disrupts cellular homeostasis by interfering with the efficiency of autophagy [162] . Future biochemical research is needed to investigate this interesting hypothesis and its relevance in other longevity models.
Specific types of cargo have previously been identified in yeast and mammalian cells, such as mitochondria (mitophagy), ribosomes (ribophagy), peroxisomes (pexophagy), and endoplasmic reticulum (reticulophagy) [163, 164] . The turnover of damaged mitochondria may be beneficial for longevity because removal of these leaky organelles can prevent further damage to the cells from ROS. Pharmacologic and genetic tools that specifically block mitophagy, for example yeast mutants deficient specifically in mitophagy [165, 166] , should prove useful in determining if mitochondrial turnover is essential for lifespan extension.
If the autophagic cargo relevant to aging is indeed selective and is not just bulk degradation of cytosolic components, the identification of the receptor(s) required for cargo recognition will be a great challenge. A prominent example of an autophagy receptor is the ubiquitin recognition protein p62 [167] . This protein has been shown in vitro to bind not only ubiquitin but also LC3, a protein localized to the pre-autophagosomal and autophagosomal membranes. These interactions are thought to be the mechanism by which p62 brings selective, ubiquitinated cargo to the autophagosome for degradation. Systematic studies are needed to determine if other p62-like proteins such as NBR1, NDP52 and NIX play a role in selective autophagy, and if such receptor proteins recognize and destine aging-relevant cargo for degradation via autophagy. Studies in the model organism Drosophila have been informative in addressing tissue specificity of autophagy induction, which could be important in targeting autophagy for therapeutic purposes, as well as to suggest that induction of autophagy can be sufficient to extend lifespan. In the fly, autophagy has been successfully induced by single gene overexpression of either Atg1 or Atg8. Importantly, overexpression of Atg8 specifically in neurons during adulthood, but not during development, is sufficient for profound lifespan extension [113] . These studies highlight the need to understand which tissues are most important for autophagy-dependent longevity. If autophagy induction is beneficial in some tissues but not others, it will be necessary to design autophagy-targeting therapies that act in a tissue-specific manner.
In summary, we have reviewed here some of the key regulators and mediators of autophagy, and described the accumulating evidence that this complex process plays an important role in aging. It is clear that we do not yet completely understand all the single steps in the process, including how a membrane source for autophagosome formation is selected, and it is likely that many regulators in the process of autophagy have yet to be discovered. We can speculate that autophagy is selective for certain cargos, but how this might relate to aging remains unclear. These gaps in knowledge illustrate the need to identify the key players involved in autophagy regulation before we can begin to fully understand this complex process, and how it might be harnessed to promote healthy human aging, and to develop therapies for age-related diseases in humans.
